Abstract Rising atmospheric CO 2 concentration affects the water balance through climatic changes and through changes in transpiration, vegetation structure and distribution. This study quantifies CO 2 effects upon evapotranspiration, soil moisture and runoff under conditions of potential natural vegetation globally, using a biosphere model forced by observed climate . Isolated CO 2 impacts were inferred from a 2 × CO 2 scenario, assuming no climate change. Global effects are moderate: evapotranspiration reduces by 7%, whilst runoff and soil moisture increase by 5% and 1%, respectively. But the effects vary regionally and seasonally, owing to the complex interplay between water and vegetation dynamics. For example, reduced leaf-level transpiration is outweighed by increased transpiration resulting from enhanced vegetation cover in semiarid areas; and seasonal transpirational water savings result in year-round increases in soil moisture in boreal regions. Overall, CO 2 effects impart significant variability to hydrological processes at all scales, so they merit consideration in assessments of future water resources.
INTRODUCTION
Human activities such as fossil fuel combustion and deforestation have been causing the atmospheric CO 2 concentration (denoted here as [CO 2 ]) to rise for more than a century and will continue to do so. Levels of [CO 2 ] were stable at ~280 ppm for several thousand years before the beginning of the industrial era. They exceeded 377 ppm in 2004 (Mauna Loa record, see http://cdiac.esd.ornl.gov/trends/co2/siomlo.htm) and are projected to rise to between 540 and 970 ppm by the year 2100 . Changes in future climate that result from the increase in [CO 2 ] and concentrations of other "greenhouse" gases will most probably influence water fluxes and resources at scales from local (a single catchment) to global (for an overview, see e.g. Arnell et al., 2001) .
Apart from forcing climate, rising [CO 2 ] also directly affects carbon and water balances. The exchange of gases between plants and the ambient air (thus between the terrestrial biosphere and the atmosphere) is controlled by the stomata of the leaves, through which CO 2 is taken up, and water vapour released in the process of transpiration (Bonan, 2002; Hetherington & Woodward, 2003) . The conductivity of stomata can be regulated by the plants to find a compromise between the conflicting aims of maximizing CO 2 admission and minimizing transpirational water loss. Water stress forces plants to close their stomata, which simultaneously reduces transpiration and CO 2 uptake, thereby restricting photosynthesis. There is broad experimental evidence that elevated [CO 2 ] also directly lowers stomatal conductance: under these conditions plants can afford to reduce stomatal aperture, thus reducing transpirational water loss while assimilating the same amount of carbon as at lower [CO 2 ] levels (e.g. Eamus & Jarvis, 1989; Amthor, 1995; Körner, 2000; Wullschleger et al., 2002) . In other words, the water use efficiency of plants is increased at high [CO 2 ]. Reductions in stomatal conductance induced by this physiological CO 2 effect are typically in the order of 10-40% (Morison, 1985; Field et al., 1995; Drake & Gonzàles-Meler, 1997; Medlyn et al., 2001; Gunderson et al., 2002) .
Since, at current concentrations, CO 2 is a limiting factor for photosynthesis of C 3 plants in particular (Amthor, 1995) , any increase therein may have a fertilizing effect and enhance plant and canopy development through increases in net primary production (NPP), leaf area, or the area occupied by vegetation (Curtis & Wang, 1998; Medlyn et al., 1999; Norby et al., 1999; Hui et al., 2001) . Structural effects may also include an extended photosynthetically active period (Huntington, 2004) , for example, if the water conserved through the physiological effect is available to plants later in the year (e.g. Volk et al., 2000) . Since such structural vegetation responses almost necessarily accompany the physiological effect of increased [CO 2 ], the decrease in stomatal conductance induced by the latter is usually not fully translated into lower canopy-and ecosystem-level transpiration. It is still under debate how large the net effect of physiological and structural vegetation responses to atmospheric CO 2 enrichment might be upon water balances at scales from local (Kimball et al., 1999; Hui et al., 2001) to global (Betts et al., 1997; Kergoat et al., 2002) . Open questions are, for instance, whether the global net effect on plant transpiration would be positive or negative; how this effect might vary between regions and between seasons; and to what degree the transpirational effects would be translated into changes in other components of the terrestrial water balance, such as runoff.
This study analyses the potential effects of doubled atmospheric [CO 2 ] on global evapotranspiration (transpiration, soil evaporation, interception loss), soil moisture and runoff, under the theoretical (and unrealistic) assumption that no climate change accompanies CO 2 enrichment. The analysis is based on simulation results from the process-based dynamic global vegetation and water balance model LPJ (Sitch et al., 2003; Gerten et al., 2004) , which simulates the dynamics of potential terrestrial vegetation and the coupled carbon and water fluxes, including physiological and structural vegetation responses to changes in climate and [CO 2 ]. The differences between the doubled [CO 2 ] scenario and the standard model run are analysed in terms of their regional and seasonal patterns, thus providing more detail than the study of Gerten et al. (2004) .
METHODS

LPJ model-overview
The Lund-Potsdam-Jena dynamic global vegetation model LPJ (Sitch et al., 2003) was designed for simulating transient vegetation responses to changes in climate and [CO 2 ], capturing the relevant biogeochemical and hydrological processes including those involved in the carbon and water exchanges between land and atmosphere. It operates on a global 0.5° × 0.5° grid, forced by observed climate, atmospheric [CO 2 ] and soil data (see below). At the heart of the model is a coupled photosynthesis-water balance scheme that computes the assimilation of CO 2 into plant tissue and explicitly relates it to transpiration. Ten plant functional types (PFTs) represent the variety of plant species and their adaptations to different environmental conditions in a very general way. The PFTs are differentiated by a number of parameters linking plant growth to environmental conditions, such as fire resistance, turnover times for roots, leaves and sapwood, mortality and establishment rates and bioclimatic limits that define maximum or minimum values for survival. Of the eight woody PFTs, two are tropical, three temperate and three boreal. The two herbaceous types correspond to C 3 and C 4 grasses (Sitch et al., 2003) .
The eventual outcome of competition between the PFTs is expressed as their respective fractional cover for each grid cell, which is updated annually. For nonevergreen PFTs, phenology is calculated on a daily basis according to current levels of water stress and temperature. Fractional cover and phenology together determine the fraction of photosynthetically active radiation that is intercepted by an individual plant, on the basis of which the leaf area index is computed. The fraction of photosynthetically active radiation is used, in combination with climate data, to calculate gross primary production (GPP) and NPP, the latter being obtained by subtracting plant respiration from the former. Carbon allocation to different compartments such as roots, leaves, sapwood and heartwood, follows a number of allometric and functional rules (Sitch et al., 2003) . The distribution and composition, as well as the short-term (daily to monthly) and long-term (interannual to interdecadal) dynamics of PFTs influence the water balance, because PFTs differ in e.g. interception storage capacity, seasonal phenology, rooting depth, and photosynthetic activity. In turn, the water balance influences the structure, composition and distribution of PFTs, and the competition among them. Human land cover conversions are not considered in the present model version, i.e. all calculations refer to potential natural vegetation.
The LPJ model simulation results have been extensively validated against observations and compared with other biospheric and hydrological models Sitch et al., 2003; Gerten et al., 2004) . Computed vegetation patterns are in good agreement with remotely sensed vegetation structure and phenology; and terrestrial carbon pool sizes, carbon fluxes and their seasonal variability compare well with observations (Lucht et al., 2002; Sitch et al., 2003) . A hydrological evaluation of the model was carried out by Gerten et al. (2004) . They found that both magnitudes and seasonal dynamics of simulated runoff from >600 river basins lie well within the range simulated by a suite of state-of-the-art hydrological models. Also, simulated water balances agree well with observed discharge of large river basins and latitudinal evapotranspiration budgets, respectively, except for regions where the climatic input data lessen the quality of the simulations. Simulated soil moisture has also been validated successfully against both field observations ( Sitch et al., 2003) and satellitederived global soil moisture fields (Wagner et al., 2003) .
LPJ model-hydrological scheme
The model calculates the major processes involved in the interactions between water and vegetation, including evaporation, transpiration, interception loss, snowmelt, soil water content and runoff. The following paragraphs briefly describe the way the main components of the water balance are computed. For a more detailed account see Gerten et al. (2004 Gerten et al. ( , 2006 .
Transpiration, E T , interception loss from vegetation canopies, E I and soil evaporation, E S , together determine total evapotranspiration, E (all in mm). The value of E I is computed as a function of potential evapotranspiration E pot (calculated by the Priestley-Taylor method using a coefficient of 1.32), leaf area index and precipitation P (Gerten et al., 2004) . Soil evaporation, E S occurs from the fractions of the grid cell with bare soil, either because no vegetation is present or because the canopies are not closed. It is basically a function of E pot times the Priestley-Taylor coefficient (1.32) and relative soil moisture W r , which is the quotient of current water content (W) and plant-available field capacity (both in mm). The value of W is computed for two soil layers (upper, 50 cm; lower, 100 cm) taking account of the previous day's water content W t-1 , P, snowmelt M, E, percolation through the layers p, and R (all in mm):
Field capacity varies according to soil texture (parameters from Sitch et al., 2003) . Surplus water exceeding field capacity of the two layers is discharged as surface and subsurface runoff (R).
Conductance of water and carbon through the stomata of plants (mm s ) to g pot , the potential conductance that is attained when water supply from the root zone (S) is equal to or higher than atmospheric demand for transpiration (D, both in mm day -1 ):
where g min is the minimum canopy conductance that accounts for plant water loss not directly linked to photosynthesis (e.g. guttation), and c a is ambient [CO 2 ] (mole fraction). The parameter λ represents the quasi-constant ratio between intercellular and ambient partial pressure of CO 2 under non-water limited conditions (C 4 grass: 0.4; C 3 plants: 0.8). In principle, equation (2) shows that an increase in [CO 2 ] will reduce g pot if A dt is to remain constant. Demand D, which drives E T , is a function of E pot and g pot :
where f wet is the fraction of the day that the canopy is wet, determined according to the balance of E pot and P (Gerten et al., 2004) ; α m , a maximum Priestley-Taylor coefficient (1.391) and the scaling conductance g m (3.26 mm s -1 ), are parameters taken from Huntingford & Monteith (1998) . The value of S reaches a PFT-specific daily maximum E max (5-7 mm day -1 ) at soil saturation, and declines along with soil wetness below this maximum:
If water is not limiting (S ≥ D), actual canopy conductance g act (mm s -1
) equals g pot , and E T equals D. However, if S < D, g act and E T are diminished proportionally to the discrepancy between S and D, so that E T is given as the minimum of equations (3) and (4):
and g act is given by rearranging equation (3) using S instead of D:
Model set-up and scenario definition
The LPJ model was forced with observed monthly climate from the CRU05 database for 1901 (New et al., 2000 , preceded by a 1000-year spin-up period. To get quasi-daily values, the data were linearly interpolated from mid-month values (air temperature, cloud cover), or, in the case of precipitation, disaggregated using a firstorder Markov chain, the number of wet days and transition probabilities (details in Gerten et al., 2004) . Annual values of atmospheric [CO 2 ] were provided by the Carbon Cycle Model Linkage Project (cf. McGuire et al., 2001) . Soil texture was defined for eight soil-type classes extracted from the FAO database (FAO, 1991; details in Sitch et al., 2003) . As this study is focused on the isolated effect of elevated [CO 2 ], a stylized scenario was employed in which the [CO 2 ] for each year is doubled (herein referred to as "2 × CO 2 scenario"). This scenario mimics the physiological and structural CO 2 effects observed in the field, but does not consider the radiative effect, i.e. the climatic changes that would necessarily be associated with the [CO 2 ] rise. The results are compared to the "control scenario" in which [CO 2 ] was left unchanged. The difference between the two simulations is presented as 30-year annual and seasonal means (northern hemispheric winter: December-February; summer: June-August) for the period . The detailed seasonal pattern of changes and the mutual influences of processes involved are analysed for an arbitrarily chosen year for individual regions located in different hydroclimatic zones.
RESULTS
Global effects
When ambient [CO 2 ] is doubled, global E T decreases by approx. 6% from ~41 000 km (Table 1 ). These reductions are obviously a consequence of the physiological CO 2 effect, which implies a drop in g pot and, thus, in transpirational demand of the ambient air (equations (4) and (5)). Actually, g pot and g act decrease by about one quarter (Table 1) . However, E T would not decrease uniformly across the globe (Fig. 1 ) and might even increase in dry areas, such as parts of southern Africa and South America, as well as most parts of Australia, India, the southern USA and the Middle East ( Fig. 2(a) ). The prime reason for these increases is that, at higher [CO 2 ], vegetation gains ground particularly in areas that are barren or partly barren under ambient [CO 2 ] (Fig. 3) ; the thus increased biomass overcompensates the conservation of water brought about by the physiological effect. In fact, E T would decrease more or less consistently across the globe if the structural CO 2 effects were omitted from the simulations (Leipprand, 2004) .
In many areas, the effects of elevated [CO 2 ] on E T vary seasonally ( Fig. 2(a) ). In regions from approx. 40-60°S, in the tropics, and in regions from 50°N polewards, E T would decrease throughout the respective growing season. In seasonally dry regions, such as in Brazil, Central Africa or in parts of southeast Asia, E T decreases during the rainy season, but slightly increases during the dry season. These intra-annual patterns are, at least in some of these regions, attributable to shifts in vegetation patterns (see regional analysis below). The largest water savings occur in tropical areas, not only because absolute values of E T are highest there ( Fig. 1(a) ), but also because the soil water supply (S) is obviously high enough throughout the year to ensure that the decrease in g pot and D is translated into a decrease in E T at 2 × CO 2 (equation (5)). In regions where structural CO 2 effects prevail, so that regional E T increases, evaporation from bare soil (E S ) decreases ( Fig. 1(b) , Table 1 ) due to the lower fraction of barren land (Fig. 3) . Interception loss E I , by contrast, increases in many regions in response to enhanced plant cover and productivity (Table 1, Fig. 1(c) ). Both E S and E I have a compensating effect on overall E, with decreased E S partly balancing increased E T in dry areas, and increased E I partly balancing decreased E T in other areas. As a consequence, E changes only moderately at global scale (-7%), and changes in global runoff are also modest (~5% increase) (Table 1, Fig. 1(d) ). The regional pattern of changes in R is largely complementary to that of E T (Fig. 2(a) and (b) ); that is, R is increased where E T is reduced, while it is decreased where E T is increased.
Complementary to the changes in evapotranspiration under the 2 × CO 2 scenario, soil moisture (W) is reduced in dry regions where plant cover and hence E T increase, while in the more humid areas, most strongly so in the mid-to-high northern latitudes, W is increased along with the decrease in E T (Figs 1(e), 2(a) and (c)). Globally, however, W changes little (Table 1) . Other than in the case of E T , there is little seasonal variation in the CO 2 effect upon W (Fig. 2(c) ). It is particularly interesting that, although there is no transpiration in the middle and high northern latitudes during winter, and hence no difference in E T between the scenarios, W is increased during the entire year in these areas under the 2 × CO 2 scenario. This is likely due to the fact that transpirational water savings from previous seasons cannot be transpired or evaporated in the cold season (see below for detailed analysis). 
Regional investigations
The simulations show that the net CO 2 effect upon site water balances comprises many dynamic processes and feedbacks between vegetation, atmosphere and the soil, which, in addition, may vary within a year. In some regions, for instance, CO 2 -induced shifts in PFT distribution and vegetation cover (Fig. 3) are a prime driver of hydrological change. Such interactions were explored in more detail for several locations (single 0.5° grid cells) in different hydroclimatic zones ( Table 2 ). The test cell analysed in Fig. 4(a) is characterized by a long dry period (April-October) and moderate precipitation during the remainder of the year. Structural vegetation responses to elevated [CO 2 ] predominate in this area: plant cover and consequently NPP are enhanced in the wetter period starting October due to CO 2 fertilization (Fig. 4(a), lower) , which leads to a substantial increase in E T and a reduction in W. In the dry season, the difference in E T between the model runs is negligible, as low soil moisture suppresses transpiration in both simulations. The decrease in NPP stems from the fact that, due to the increased plant cover, maintenance respiration exceeds GPP at 2 × CO 2 , which temporarily leads to negative NPP. The difference in W also gradually decreases in the course of the dry period, as a common minimum (values close to zero) is approached in both simulations. Fig. 4 Upper: Simulated daily differences (year 1980) in E T (grey lines) and W (black lines) between the 2 × CO 2 and the control scenario for locations in (a) dry climate, (b) seasonally dry climate, and (c) cold continental climate (see Table 2 for details on these regions). The bars from the top represent precipitation heights (plotted on the right axis). Lower: Simulated monthly differences in NPP of all PFTs present in the grid cell (g C m -2 ).
Global effects of doubled atmospheric CO 2 content
As a further and more complex example, Fig. 4(b) shows the intra-annual variation of effects in a sub-equatorial location with seasonally dry climate. Precipitation is abundant from October until April, while from May to September rainfall ceases almost completely. Hydrological changes are induced by both physiological and structural vegetation responses, and these effects occur in different seasons. Following the doubling of [CO 2 ], evergreen plant types are able to slightly increase their fractional coverage of the surface area at the expense of rain-green species (Table 2) . This change in PFT composition is possible, since the generally increased water use efficiency provides a competitive advantage for evergreen plant types, even under seasonally dry conditions. Since the deciduous vegetation sheds leaves during the dry season, while the evergreen vegetation remains productive (Fig. 4(b) , lower) and continues transpiration, regional E T is slightly increased in the dry months at doubled [CO 2 ] (Fig. 4(b), upper) . In the rainy season, by contrast, E T is decreased significantly as a consequence of the physiological CO 2 effect. The water saved in this way is potentially available to plants later in the year, so that they may benefit from this resource in subsequent drier months. However, in the test region, this effect is soon eliminated by decreasing W, which stems from the increase in E T associated with the shift in vegetation composition. Transpirational water savings that propagate in time appear to be more pronounced in other regions, as can be deduced from Fig. 4(c) for a test location in the boreal zone.
Here, E T is decreased during most of the growing season in response to doubled [CO 2 ]. This effect increases W during the whole year, because in the winter season low temperature and low radiation inhibit plant growth; consequently, the excess water is neither transpired nor evaporated. As already described above, these year-round water savings are simulated for most regions north of ~50°N (Fig. 2(b) ). E T increases and W decreases only in short periods during summer, specifically on days when soil water supply is limiting in both scenarios but higher at 2 × CO 2 owing to the water savings in the preceding humid periods (Fig. 4(c) ).
DISCUSSION AND CONCLUSIONS
This study demonstrates that the level of atmospheric CO 2 concentration has significant effects on the terrestrial water balance through direct effects upon plant functioning and water use. Though the average global impact of doubled [CO 2 ] on total evapotranspiration, soil moisture and runoff is relatively small (<10%, see Table 1 ), it is clearly observable. The simulated annual changes in evapotranspiration and runoff are comparable in size to those from other large-scale modelling studies, which also suggest moderate changes at the global scale (e.g. Costa & Foley, 1997; Cao & Woodward, 1998; Neilson & Drapek 1998) . The magnitude of the CO 2 effect as simulated by the LPJ model is also in good agreement with experimental findings (see Introduction) and with field observations (Gerten et al., 2005a) , although the results presented here may be exaggerated in some regions, for example because limitation of availability of nutrients such as nitrogen is not taken into account (for a detailed discussion see Gerten et al., 2006) . It has to be stressed that the simulated CO 2 effects vary in sign and magnitude between different regions and are, in some areas, much more pronounced than the global average suggests (see Figs 1 and 2) ; this response pattern is relevant when assessing what consequences elevated [CO 2 ] may entail for different world regions. Regional differences in net effects are mainly due to the balance between the structural and physiological vegetation responses to [CO 2 ], which is reflected by the relative importance of changes in E T , E S and E I . Generally, E T and E I tend to increase in dry areas due to an expansion of vegetation and a related increase in canopy size, while, at the same time, E S decreases. However, in wet regions, where there is not much scope for an increase in vegetation cover, the physiological effect of [CO 2 ] on E T dominates and leads to reduced water use. The interplay of physiological and structural vegetation responses is also evident in the regional simulation experiments, where these interactions produced different patterns of change in seasonal soil moisture. While a watersaving effect may be noticed throughout the year in high latitudes, where the cold season prevents vegetation growth and, thus, use of this conserved water (Figs 2(b) and 4(c)), this conservation effects vanishes in the course of a year in dry regions due to changes in vegetation composition and increased plant cover and productivity, respectively (Fig. 4(b) ). The latter effect is supported by field observations in the Mojave Desert, where enhanced plant production under elevated [CO 2 ] offsets the decreased water use from reduced stomatal conductance (Nowak et al., 2004) . Thus, for a comprehensive analysis of the processes involved and outcomes to be expected, both physiological and structural plant responses to [CO 2 ] need to be accounted for in a dynamic manner, and it is necessary to distinguish between the individual components of evapotranspiration. Some earlier studies (e.g. Idso & Brazel, 1984) with stand-alone hydrological models probably overestimated the CO 2 effect due to simplifying assumptions; specifically, physiological changes in vegetation were emulated in these studies by only reducing evapotranspiration, while structural effects and other feedback mechanisms were not considered (see Skiles & Hanson, 1994) .
Note that the 2 × CO 2 scenario of the present study is stylized and designed to only analyse the isolated effects of [CO 2 ] enrichment; the results are not to be taken as projections for several reasons. Firstly and most importantly, an increase in [CO 2 ] will be necessarily accompanied by changes in the climate, which will surely modify the hydrological CO 2 effects. The CO 2 -induced reduction in g pot is shown by Gerten et al. (2006) to be offset in many regions by enhanced atmospheric demand as a result of higher temperatures, which increase transpiration, deplete soil moisture and also increase limitation of plant function by water availability. However, in other regions, the CO 2 effect may even be amplified by climate change. In high northern latitudes, for instance, increased precipitation enhances W even more strongly than does the CO 2 -induced water saving effect, as has been shown in several studies (Manabe et al., 2004; Gerten et al., 2005a) . Manabe et al. (2004) also show that runoff from many river basins will change dramatically due to climate change (and precipitation change in particular), and it is unlikely that the direct effects of elevated [CO 2 ] will fully compensate the climate-driven changes in runoff in regions where the latter are pronounced. Secondly, biospheric feedbacks on the atmospheric [CO 2 ] level and on the climate system are not considered in this study. It has been shown that vegetation feedback on climate may consist of slight decreases in precipitation and increases in temperature as a consequence of lower canopy conductance and transpiration (e.g. Pollard & Thompson, 1995; Bounoua et al., 1999; Douville et al., 2000; Levis et al., 2000) . The expansion of vegetation into formerly barren areas could also influence temperature and energy balance through changes in surface albedo (Betts et al., 1997) . Thirdly, the increase in atmospheric [CO 2 ] will occur gradually, while in the present simulation it is introduced in a step-wise manner, and it is largely unknown how this affects vegetation responses (but see Klironomos et al., 2005) . And fourthly, the LPJ model used in the present study only simulates natural vegetation and does not represent anthropogenic impacts such as conversion of forests to agricultural land. It is to be expected that consideration of cropland and pastures significantly reduces E and enhances R in the respective regions (Gerten et al., 2004) . Agricultural use of land has now been implemented into the LPJ model; preliminary analyses with this pilot model version indicate that the conversion of potential vegetation to agricultural vegetation reduced global E by 1.4% and increased R by 2.2% (Gerten et al., 2005b) , so that the absolute numbers given in the present paper need to be somewhat reduced (E) or increased (R), respectively. However, the direction and percentage magnitude of change in E and R are unlikely to be influenced by vegetation type, though the partitioning of E into E T , E I and E S will be influenced by actual land-use patterns.
Notwithstanding these caveats, this study gives an indication of what effects a CO 2 -enriched world would have on the different components of the terrestrial water cycle, as mediated through changes in vegetation functioning, structure and spatial coverage. These effects are so pervasive that they should be taken into account in hydrological modelling and especially in analyses of the future availability and distribution of water resources.
